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ABSTRACT
Recent observations of accreting black holes reveal the presence of quasi-periodic oscillations (QPO)
in the optical power density spectra. The corresponding oscillation periods match those found in the
X-rays, implying a common origin. Among the numerous suggested X-ray QPO mechanisms, some
may also work in the optical. However, their relevance to the broadband – optical through X-ray –
spectral properties have not been investigated. For the first time, we discuss the QPO mechanism in
the context of the self-consistent spectral model. We propose that the QPOs are produced by Lense-
Thirring precession of the hot accretion flow, whose outer parts radiate in the optical wavelengths.
At the same time, its innermost parts are emitting the X-rays, explaining the observed connection
of QPO periods. We predict that the X-ray and optical QPOs should be either in phase or shifted
by half a period, depending on the observer position. We investigate the QPO harmonic content and
find that the variability amplitudes at the fundamental frequency are larger in the optical, while the
X-rays are expected to have strong harmonics. We then discuss the QPO spectral dependence and
compare the expectations to the existing data.
Subject headings: accretion, accretion disks – black hole physics – radiation processes: nonthermal –
X-rays: binaries
1. INTRODUCTION
Accreting black holes (BH) remain among the most
fascinating objects being studied since the very begin-
ning of the X-ray era. The observed X-ray radiation
is variable on a wide range of timescales, displaying
dramatic changes in spectral shape between the power
law dominated hard state and the quasi-thermal soft
state over timescales of weeks (Zdziarski & Gierlin´ski
2004). Strong variability is also seen on far shorter
(down to ∼10 ms) timescales. Among the most promi-
nent features commonly observed in the power spectral
density (PSD) of BH binaries are low-frequency quasi-
periodic oscillations (QPOs) (Remillard & McClintock
2006; Done et al. 2007), with a characteristic frequency
which evolves from ∼0.1–10 Hz at the spectral tran-
sitions from the hard to soft state. A growing
number of low-mass X-ray binaries have also been
found to exhibit similar QPOs in the optical and
UV PSDs (Motch et al. 1983, 1985; Imamura et al.
1990; Steiman-Cameron et al. 1997; Hynes et al. 2003;
Durant et al. 2009; Gandhi et al. 2010). The optical, UV
and X-ray QPOs in XTE J1118+480 have been observed
to share a common (within uncertainties) characteristic
frequency whilst evolving over nearly two months of ob-
servations (Hynes et al. 2003). In the X-rays, the QPO
frequency is correlated with the low-frequency break
of the broadband noise (Wijnands & van der Klis 1999;
Belloni et al. 2002). Hints of such a correlation in the op-
tical can also be found in the existing data (Gandhi et al.
2010; Hynes et al. 2003), however the significance is too
low to make any conclusive statements. It is therefore
suggestive that the X-ray and optical QPOs are formed
by a common mechanism which is somehow related to the
production of aperiodic variability (broadband noise).
However, there is no consensus in the literature as to
the origin of the X-ray QPO and so far no optical QPO
mechanism has been suggested.
Proposed X-ray QPO mechanisms are generally based
either on the misalignment of the BH and binary sys-
tem spins (e.g., Stella & Vietri 1998) or on oscillation
modes of the accretion flow itself (e.g., Wagoner et al.
2001). Many of them, however, discuss the QPO pro-
duction separately and do not consider its relation to the
aperiodic X-ray variability. Probably the most promis-
ing QPO model to date was proposed in Ingram et al.
(2009), where the oscillations arise from the precession
of orbits around the BH due to misalignment of the
BH and orbital spins, known as Lense-Thirring preces-
sion. Similar models proposed earlier considered the pre-
cession of a test mass (Schnittman et al. 2006), lead-
ing to a strong dependence of the predicted QPO fre-
quency on BH spin, inconsistent with the observations.
The model of Ingram et al. (2009) considers the pre-
cession of the entire hot flow, which leads to a much
weaker spin dependence. We note that the precession
of the entire flow as a solid body can only be possible
in the case of a hot geometrically thick accretion flow
(Fragile et al. 2007), while a cold thin disk would pro-
duce a steady warp in the plane perpendicular to the
BH spin (Bardeen & Petterson 1975; Kumar & Pringle
1985). Recently, it was shown that the physical param-
eters of the hot flow picked to match the observed QPO
frequency are also consistent with those required to pro-
duce the characteristic frequencies of the broad band
noise (Ingram & Done 2011), thus a global connection
between the QPO and aperiodic variability was estab-
lished.
This variability model ultimately requires a geometry
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where the cold (Shakura & Sunyaev 1973) accretion disk
is truncated at some radius and the BH vicinity is occu-
pied by some type of the hot accretion flow (the truncated
disk model ; Esin et al. 1997; Poutanen et al. 1997). The
power law component of the X-ray spectrum can be un-
derstood in this geometry as Compton up-scattering of
cold seed photons by hot electrons in the flow. The seed
photons are often assumed to be provided by the disk,
however in the hard state when the truncation radius is
large (∼30RS where RS = 2GM/c
2 is the Schwarzschild
radius), the luminosity of disk photons incident on the
flow is insufficient to reproduce the observed spectra and
an additional source of seed photons is required. This can
be provided by synchrotron radiation in the flow. Comp-
ton up-scattering of the resulting internally produced
seed photons (the synchrotron self-Compton mechanism)
can successfully reproduce the observed hard state spec-
tra (Malzac & Belmont 2009; Poutanen & Vurm 2009).
Let us note that an array of accretion geometries can ex-
plain the observed spectra but the Lense-Thirring QPO
model is compatible only with the truncated disk model
considered here.
Lately, it was shown that the hot flow synchrotron
emission can contribute to the optical and even IR
(OIR) wavelengths (Veledina et al. 2013), thus these
wavelengths are tightly connected to the X-ray com-
ponent. Hence, the spectral model also predicts the
connection between the OIR and the X-ray aperi-
odic variability. However, simultaneous analysis of
light-curves in these wavelengths (Motch et al. 1983;
Kanbach et al. 2001; Hynes et al. 2003; Durant et al.
2008; Gandhi et al. 2010) has revealed a complicated
connection between them, which can be understood if
one considers several components contributing to the op-
tical (Veledina et al. 2011), namely the hot accretion flow
and the reprocessed radiation. Additionally, the jet op-
tically thin synchrotron emission can also be significant
(e.g. Casella et al. 2010). These three components pre-
sumably can be responsible for the OIR QPOs.
In Section 2 we develop a quantitative model for the
low-frequency OIR and X-ray QPOs, which are produced
by Lense-Thirring precession of a hot accretion flow. We
make predictions for the OIR QPO profiles and compare
them to those expected in the X-rays. We then calcu-
late the phase-lags and harmonic content expected from
this model. In Section 3, we discuss the limitations of
the model and possible improvements and compare the
model predictions with the data. We summarize our find-
ings in Section 4.
2. HOT FLOW QPO MODEL
2.1. Assumptions
In this section, we outline our assumptions. We con-
sider a hot accretion flow extending from some inner ra-
dius to the truncation radius of the cold outer disk and
a spin axis misaligned with that of the BH by some an-
gle β. In the Kerr metric, test particle orbits out of
the plane of BH rotation undergo Lense–Thirring pre-
cession due to the dragging of inertial frames, with a
frequency νLT(R) ∝∼ R
−3. In the case of a hot accre-
tion flow, this differential precession creates a warp which
propagates through the flow on a time scale shorter than
the precession period. This can cause the entire flow to
1 10 100
 Rout / RS
0.01
0.1
1
10
ν Q
PO
Figure 1. Possible QPO frequencies as function of the hot
flow outer radius (Rout), calculated for a 10M⊙ BH according
to equation (43) of Fragile et al. (2007), with inner radius equal
to Rin = 1.5 (H/R)
−4/5a2/5RS (Lubow et al. 2002), for spins of
a = 0.2 (solid), 0.3 (dashed) and 0.5 (dotted). Red lines correspond
to H/R = 0.2 and blue lines correspond to H/R = 0.4.
precess as a solid body at a frequency given by a sur-
face density weighted average of νLT(R) (Fragile et al.
2007). If the flow is assumed to extend from the disk
truncation radius to the inner most stable circular orbit,
the dependence of the precession frequency on BH spin
is too strong and the maximum precession frequency is
too high to be consistent with observations. In order
to put the Lense–Thirring frequencies into the observed
QPO range, from ∼0.03 Hz (Vikhlinin et al. 1994) up to
∼13 Hz (Remillard et al. 1999), one needs to account for
the torque created by frame dragging, which truncates
the inner flow at a fairly large (inner) radius (& 3RS, see
equation 22 of Lubow et al. 2002, where x = 1 should be
taken) and effectively cancels out much of the spin de-
pendence of precession (Ingram et al. 2009). This effect
has since been seen in simulations (Fragile 2009). We
reproduce the dependence of the QPO frequency on the
outer radius of the hot flow in Figure 1. Since we aim to
model the hard state, we assume a fairly large truncation
radius of Rout = 30RS, leading to a predicted precession
frequency consistent with the observed QPO frequency
in this state (. 0.3 Hz). When Rout decreases (corre-
sponding to transition to the hard-intermediate state),
νQPO grows up to 5–20 Hz.
Although the condition on the flow height-to-radius ra-
tio, H/R, for the fast propagation of warps which allows
solid body precession is H/R > α ∼ 0.1, where α is the
dimensionless viscosity parameter (Papaloizou & Pringle
1983; Fragile et al. 2007), H/R significantly less than
unity is likely (Kato et al. 2008). Thus, we approximate
the flow as a flat disk. This approximation is satisfactory
for systems with a low enough inclination for the flow
never to be seen edge-on at any point in the precession
cycle. We illustrate in our plots the regions of param-
eter space where this condition is not met. In order to
calculate the emitted flux, we must make an assumption
about the radial dependence of energy dissipation per
unit area in the flow. We assume the standard profile for
QPOs in black hole binaries 3
a thin disk (Shakura & Sunyaev 1973)
q(R) ∝ R−3
√
1−
Rin
R
, (1)
where Rin is the hot flow inner radius, which we assume
to be equal 3RS (for parameters in Figure 1 it takes the
values ∼2–5RS). The profile is not strictly appropriate
for a hot flow in general relativity (Novikov & Thorne
1973; Kato et al. 2008), but is fine for illustration in the
absence of a standard equivalent for hot flows. The de-
tails of the energy dissipation profile do not play an im-
portant role. For calculations of the angular dependence
of the emergent radiation we take into account relativis-
tic effects using the Schwarzschild metric (see Sect. 2.3).
Since we are considering Lense-Thirring precession, this
is obviously only an approximation to the more appro-
priate Kerr metric. However, the Schwarzschild metric
provides a very good approximation at distances more
than 3RS from the BH.
We take into account only direct images, because the
higher-order images are much weaker. The reason is that
the hot flow we consider has optical depth of the order
of unity, thus most of the photons initially emitted away
from the observer would be blocked by the flow itself (or
by the outer cold disk). The only possibility for those
photons to reach the observer is to go through the rather
small gap between the inner edge of the hot flow (∼ 3RS)
and the black hole. In addition, photons coming in the
higher-order images are generally emitted at grazing an-
gles to the flow surface and therefore their strength is
diminished by the corresponding cosine factor. In order
to estimate the accuracy of the described approach, we
compared fluxes obtained using our light tracing proce-
dure with those obtained using the geokerr code in
Kerr geometry (Dexter & Agol 2009; Adam Ingram et
al., in prep.) including all higher-order images, but ac-
counting for obscuration by the hot flow and the outer
cold disk. For the parameters considered in this work,
we find our results to be accurate within a few per cent
for any spin value up to a = 0.998, and for more realistic
spins of a = 0.3, 0.5 the difference is below 1%.
2.2. Geometry
Figure 2 shows the geometry we consider for the pre-
cessing hot accretion flow. We define the coordinate sys-
tem xyz tied to the binary orbital plane and the system
x′y′z′, associated with the BH spin. The z-axis is per-
pendicular to the binary orbital plane, z′ is aligned with
the BH spin and β is the angle between them. The x-axis
is defined by the intersection of the orbital plane and the
plane formed by the z and z′ axes (i.e. the projection
of the z′-axis onto the y-axis is always zero). Finally,
the x′-axis also belongs to the plane formed by vectors z
and z′, and forms angle β with the x-axis (i.e. y′ = y).
The position of the observer is described by the vector
oˆ which, in xyz coordinates, is given by
oˆ = (sin i cosΦ, sin i sinΦ, cos i), (2)
where i is the binary inclination and Φ is the azimuth
of the observer measured from the x-axis. The instanta-
neous normal to the hot flow is denoted by nˆ . It pre-
cesses around the BH spin axis (z′) with the precession
angle ω measured from the x′-axis. Thus nˆ aligns with
i
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Figure 2. Schematic representation of the hot flow producing
X-ray and optical QPOs. Coordinate systems connected with the
orbital plane xyz and with the BH spin x′y′z′ are shown. Plane
xy coincides with the orbital plane and y is parallel to y′. Axis
z′ is aligned with the BH spin, which is inclined by the angle β
to the orbital spin. Position of the observer oˆ is described by the
azimuthal angle Φ and binary inclination i. The current position
of the hot flow normal nˆ is characterized by the precession an-
gle(phase) ω. Relative to the direction to the observer, it makes
an angle θ, which depends on ω.
the z-axis when ω = pi and has a maximal misalignment
of 2β when ω = 0. It is given, in x′y′z′ coordinates, by
nˆ = (sinβ cosω, sinβ sinω, cosβ). Note, we use a hat to
denote unit vectors throughout.
We are interested in the orientation of the hot flow sur-
face relative to the observer, namely the scalar product
oˆ · nˆ = cos θ. In order to calculate it, we write nˆ in
xyz coordinates by rotating the x′y′z′ coordinate system
counter-clockwise by angle β around the y′-axis to get
nˆ = (sinβ cosβ(1+cosω), sinβ sinω, cos2 β−sin2 β cosω).
(3)
Thus, the equation for cos θ is
cos θ=sinβ cosβ sin i cosΦ (1 + cosω) (4)
+ sinβ sinω sin i sinΦ + cos i (cos2 β − sin2 β cosω).
2.3. Formalism
We consider a simplified problem with a precessing flat
disk (slab). The specific flux observed far from the BH
from a ring of thickness dR at radius R in the direc-
tion that makes an angle θ to the surface normal can be
expressed as
dFE(R, θ) =
R dR
D2
qE(R)f(R, θ). (5)
Here, D is the distance to the observer, qE(R) is the
surface flux per energy interval at a given radius and the
factor f(R, θ) accounts for the angular dependence of the
observed flux. The latter factor depends on the spectral
slope of the radiation.
The flux observed from the whole hot flow is then
FE(θ) =
∫
qE(R) R dR
D2
f(θ), (6)
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Figure 3. Angular dependence of the observed flux f(R, θ) as a
function of the angle between the observer direction and the normal
to the flow. The black dotted lines represent result for the X-ray
emission pattern (equation 8) corresponding to Comptonization in
an optically translucent flow. The blue dashed lines correspond
to the partially self-absorbed synchrotron emission expected in the
optical (given by the pattern from equation 9). Curves from the
top to the bottom correspond to R/RS = 100, 30, 10, 5 and 3. The
solid red line corresponds to the flux f(θ) from the accretion flow
between 3 and 30RS emitting the X-rays with the standard emis-
sivity profile (1).
where we introduced the radially averaged angular factor:
f(θ) =
∫
qE(R) R dR f(R, θ)∫
qE(R) R dR
. (7)
In general, the specific intensity emerging from a sur-
face element depends on the zenith angle ζ′ (primed are
quantities in the comoving frame). We consider here two
cases for the emission pattern from the flow surface:
1. X-ray emission from accreting BHs is produced
by Comptonization in an optically translucent
flow with Thomson optical depth τ ∼ 1. In
this case, the angular dependence of the spe-
cific intensity can approximately be described by
(Poutanen & Gierlin´ski 2003)
I ′(ζ′) ∝ 1 + b cos ζ′, (8)
where b ≈ −0.7 (for exact solutions see
Sunyaev & Titarchuk 1985; Viironen & Poutanen
2004).
2. Optical synchrotron radiation is produced in the
outer parts of the flow, in a partially self-absorbed
regime. The dominant contribution to the observed
flux comes from those parts, which have an optical
depth for synchrotron self-absorption τSA ∼ 1. As-
suming a tangled magnetic field and homogeneous
source function throughout the vertical extent of
the flow, the intensity of radiation can be expressed
as
I ′(ζ′) ∝ 1− exp (−τSA/ cos ζ
′) . (9)
We assume that the emergent spectrum from all sur-
face elements is a power law with photon index Γ =
1.7 for the X-rays and Γ = 1 for the optical emis-
sion. This allows us to approximate the energy dissi-
pation profile as qE(R) ∝ q(R). To compute the fac-
tor f(R, θ) we take into account gravitational redshift,
Doppler effect, relativistic aberration, time dilation and
light bending in the Schwarzschild metric following tech-
niques presented by Poutanen & Gierlin´ski (2003) and
Poutanen & Beloborodov (2006). Figure 3 shows the re-
sulting angular flux dependence with X-rays and optical
represented by black dotted and blue dashed lines, re-
spectively. We plot the function f(R, θ) for narrow rings
at R/RS = 100, 30, 10, 5 and 3 from top to bottom. We
also show (by red solid line) the angular distribution of
the flux from the accretion flow spread from 3 to 30RS,
f(θ), emitting the X-rays according to the standard pro-
file given by equation (1). At large radii R & 30RS, the
relativistic effects are negligible resulting in the angular
dependence f(R, θ) ∝ I ′(θ) cos θ.
2.4. Results
As a first step, we take the X-ray and optical emis-
sion to originate from narrow rings with R = 5RS and
R = 30RS, respectively, and compute corresponding
QPO waveforms. We set β = 10◦ and i = 60◦, 80◦.
The profiles f(R, θ) (with θ given by equation (4)) are
shown in Figure 4 for four different observer azimuths:
Φ = 0◦, 60◦, 120◦ and 180◦. Again, the black dotted
lines are X-rays and the blue dashed line represents the
optical. Clearly the phase difference between optical and
X-ray profiles depends on the observer’s azimuth and in-
clination: for i = 60◦ and large Φ the two light-curves
are in phase, while for low Φ they are 180◦ out of phase.
This is because the range of cos θ covered as the preces-
sion angle ω unwinds from 0 to 2pi depends on the chosen
set of parameters (β, i, Φ). The range of cos θ for every
case is shown in Figure 4 with a green dash-dotted line.
For small cos θ (panels c and d), both optical and X-ray
observed fluxes are increasing functions of cos θ (see Fig-
ure 3), while for large cos θ (panels a and b) optical flux
is a growing and X-ray flux is a decreasing function of
cos θ. The later is reflected in the anti-correlation of the
two light-curves.
For inclinations i & 80◦, eclipses are possible when the
observer is situated at the opposite side from the BH
spin projection on the orbital plane, i.e. at Φ > 90◦. In
such a situation, the harmonic content is dramatically
increased and the X-ray and optical light curves are al-
ways in phase, as here cos θ < 0.5 (thus both fluxes have
monotonic dependence on cos θ, see Figure 3). However,
we need to keep in mind that at such large inclinations
the central source might be blocked completely by the
outer rim of the cold disk.
We note that the amplitude of the optical QPO for
every Φ is higher than in the X-rays. Again, the behavior
can be understood from Figure 3: the dependence of the
optical flux (blue dashed line at 30RS) on cos θ is much
stronger than that in the X-rays (black dotted line at
5RS). This occurs both due to the different emission
pattern and because the relativistic effects are stronger
at smaller R (due to stronger gravitational curvature and
faster Keplerian motion).
For the cases (b)–(d), the X-ray flux maximum is
reached not when cos θ is maximal, i.e. when the flow
is mostly face-on, but when it is inclined at a larger an-
QPOs in black hole binaries 5
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Figure 4. Possible QPO waveforms for the four cases of the observer’s azimuthal angle. The parameters are: β = 10◦, i = 60◦ (upper
panels) and i = 80◦ (lower panels). X-ray profiles are calculated for a ring at R = 5RS (black dotted lines) and for the full hot flow
extending from 3 to 30RS (red solid lines). The optical profiles are for R = 30RS (blue dashed lines). Green dash-dotted lines represent
variations of cos θ for each case.
gle (see Figure 3). This leads to the double-peak struc-
tures in the X-ray profiles, unlike in the optical (optical
flux reaches maximum only at maximal cos θ, i.e. when
the flow is mostly face-on). This gives the X-ray QPO
profiles a stronger harmonic content than the optical.
The X-ray light curves expected from the whole hot
flow occupying the region 3–30RS can be computed from
the factor f(θ) (with θ given by equation (4)). They
are shown by red solid lines in Figure 4. We see that
their behavior is very similar to that corresponding to
a narrow ring at 5RS. This is due to the similarities in
the angular dependence of the fluxes (see Figure 3, solid
line and dotted line corresponding to 5RS). The emission
pattern from a ring at ∼ 7RS would be nearly identical
to that of the whole extended flow, and so assuming all
of the flux to come from close to this radius provides a
good approximation.
We analyze the harmonic content of our light curves
by directly computing Fourier coefficients. We show
the fractional root-mean-square (RMS) variability ampli-
tudes of the first harmonic (referred to below as the fun-
damental) and the second harmonic (hereafter referred
to as the harmonic) as the contour plots at the plane
observer azimuth Φ – observer inclination i (Figure 5).
The azimuthal angle spans the interval from 0 to 180◦,
because the results depend on cosΦ only. The X-rays
are assumed to be coming from the whole flow extending
from 3 to 30RS with a standard emissivity profile given
by equation (1). The X-ray RMS is shown by red lines.
The optical again is assumed coming from 30RS and its
RMS is shown by blue lines.
Behavior of the X-ray and optical fundamental is
shown in Figures 5(a) and (b), respectively. The optical
RMS increases monotonically with both i and Φ. The
X-ray RMS drops to zero at inclinations between 45◦and
65◦, depending on Φ, where the light curve shows a dou-
ble bump structure (thus, the harmonic here is non-zero).
At higher inclinations RMS increases again. At high in-
clinations and large Φ in the shaded region, self-eclipses
of the disk become possible, causing dramatic increase of
RMS. The dot-dashed black line separates the regions,
where the phase difference between the optical/X-ray
fundamental QPOs shifts from 0 to pi. Also the am-
plitude of the X-ray fundamental turns zero along this
line.
Figures 5(c) and (d) present the contour plot of the
harmonic RMS for X-rays and optical, respectively. Here
the RMS is monotonically growing with both i and Φ up
to rather large i & 70◦ (i.e. ∼ 90◦ − 2β). At large
inclinations eclipses become possible (see right panels of
Figure 4). In that case, both RMS show very erratic
behavior and depend strongly on i, first rapidly rising
and then dropping to nearly zero (at somewhat different
places of the plane shown by black dashed lines), but
here the higher harmonics are strong. This is easily seen
in Figures 5(e)–(g) which show the RMS behavior as a
function of i for fixed Φ.
We see that, for the chosen parameters, the optical
fundamental is stronger than the X-ray fundamental for
all observer azimuths whereas the X-ray harmonic is
nearly always stronger than the optical harmonic. With-
out eclipses, the optical harmonic is typically ten times
6 Veledina, Poutanen, & Ingram
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Figure 5. Fractional RMS amplitudes (in percent) as functions of i and Φ. The left-upper four panels present the contour plots for X-ray
(a,c) and optical (b,d) fractional RMS amplitudes on the plane i–Φ. The upper panels (a and b) are for the fundamental, while the two
lower panels (c and d) show the harmonic. Eclipses are possible in the shaded regions marked on the top panels. The dot-dashed black line
separates the regions, where the phase difference between the optical/X-ray fundamental QPOs shifts from 0 to pi. The amplitude of the
X-ray fundamental turns zero along this line. Three bottom panels present the cross-section of these plots at the azimuthal angles Φ = 0◦
(panel e), 90◦ (panel f), and 180◦ (panel g). The panels on the right show the cross-section at two inclinations i = 60◦ (panel h) and 80◦
(panel i). The X-rays (red curves) are assumed to originate from a hot disk extending from 3 to 30RS emitting according to the standard
emissivity profile given by equation (1), while the optical (blue curves) corresponds to a narrow ring at R = 30RS. The solid curves present
the RMS for the fundamental and the dashed curves give the harmonic. The RMS for the X-rays from a narrow ring at R = 5RS are shown
in the panels (e–i) by black curves, which show similar behavior to the full hot flow case.
weaker than the fundamental, while the X-ray harmonic
can be even stronger than the corresponding fundamen-
tal. For better vizualization we also plot a cross-section
of these contour plots in Figures 5(h) and (i) for two
representative inclinations i = 60◦ and 80◦, respectively.
The first is the mean possible inclination of an arbitrary
observer, while the second is chosen to show the role of
eclipses. Here we additionally show the case of the X-
rays from a narrow ring at 5RS by black lines. In panel
(h), we clearly see a drop of the fundamental X-ray RMS
at Φ = 50–100◦and in panel (i) a rapid grow of RMS
when eclipses become possible at Φ ∼ 80◦.
3. DISCUSSION
3.1. Comparison with observations
Our results show that the X-ray light-curves have
strong harmonics, while optical harmonics are weaker
for most of sets (i, Φ). Indeed, harmonics are often
found in the X-ray PSDs (e.g. Rodriguez et al. 2004), but
no optical harmonics have been reported so far. This
can also be seen in the (quasi-) simultaneous data of
Motch et al. (1983, fig. 2), where both optical and X-
ray PSDs show a QPO at ∼ 0.05 Hz, two harmonics
∼ 0.1 Hz and ∼ 0.15 Hz are seen in the X-ray, but not in
the optical PSD. Our simulations suggest that the RMS
amplitudes of the fundamental harmonic in the optical
are expected to be larger. Unfortunately, the data with
both X-ray and optical QPOs detected are not strictly
simultaneous, thus the PSDs are plotted in arbitrary
units (Motch et al. 1983; Hynes et al. 2003). In the avail-
able simultaneous data of Swift J1753.5–0127, the optical
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QPO is present with RMS=4–11%, while the upper limit
on the X-ray QPO RMS at the same frequency is 3%
(Durant et al. 2009). In GX 339–4 situation is similar,
the optical QPO is present at RMS=3%, while the upper
limit on the X-ray QPO RMS at the same frequency is
7.5% (Gandhi et al. 2010). This is consistent with our
model which predicts that the X-ray QPO is there, just
at a low RMS. On the other hand, we, of course, cannot
rule out there being no QPO at all. In order to check the
presence of the X-ray QPO in the data (which is related
to the optical QPO), one may search for modulations
at the corresponding frequency in the cross-correlation
function. These oscillations are indeed present in the
2007 data on Swift J1753.5–0127 (see Durant et al. 2008,
Veledina et al. in prep.) and hints of them can also be
seen in the GX 339–4 data (Gandhi et al. 2010, fig. 21).
In Figure 1 we reproduced the range of possible QPO
frequencies (the same for optical and X-rays) as a func-
tion of the hot flow outer radius. Since the dependence
on parameters is not too strong, it is feasible to deter-
mine Rout for a given νQPO. In realistic situation, Rout
fluctuates together with the mass accretion rate, lead-
ing to a change of the QPO frequency and broadening
of the QPO features in the PSD. We note that the given
frequencies were computed under the assumption of the
rotation of the hot flow as a solid body, which breaks
down for a large hot flow, limiting the outer radii, where
the QPOs can be observed.
The lowest QPO frequencies ∼ 0.05 Hz (optical) and
∼0.03 Hz (X-rays) were observed in the hard state. Ac-
cording to Figure 1, we find the hot flow outer radius
can be ∼100 RS, and even larger for H/R >0.4 or spin
a >0.5. In this case, the optical and IR wavelengths are
dominated by the radiation of the translucent parts of
the hot flow (see e.g., Veledina et al. 2013, fig. 3: optical
wavelengths are dominated by the radiation coming from
∼30 RS).
During the state transition, with the rise of the mass
accretion rate, the outer shells of the hot flow are grad-
ually replaced by the cold accretion disk (Esin et al.
1997, 1998; Poutanen et al. 1997). As the outer radius
of the hot flow decreases, an increase of the QPO fre-
quency occurs. This is seen in the data as correlated
changes in the spectral slope and QPO frequency (see
e.g. Gilfanov 2010), and expected in the precession model
of Fragile et al. (2007) and Ingram et al. (2009). Simul-
taneously, a sharp drop of the IR radiation is expected,
with fluxes at longer wavelengths dropping just before
those at shorter wavelengths. While the cold accretion
disk is sufficiently far away, the X-ray spectrum does
not change significantly, as the amount of cold disk pho-
tons are not enough to make it softer. The noticeable
X-ray spectral transition starts when the cold disk is
rather close to the BH, at radii about 10 RS (fig. 5 of
Veledina et al. 2013). For such a small hot flow, IR wave-
lengths belong to the optically thick (self-absorbed) part
of the spectrum, which is very hard, with spectral index
up to α = 5/2 (Fν ∝ ν
α). Thus, in the hard-intermediate
state we expect to see the QPO feature with frequencies
&1 Hz in the near-IR, but not in the mid-IR or longer
wavelengths, which would likely be very faint, probably,
too faint to be detectable. The optical/X-ray phase lags
in both translucent and opaque cases are expected to
be the same (see below), either 0 or pi depending on
the observer azimuthal angle and inclination. Maximum
optical/near-IR QPO frequency in our model is the same
as in the X-rays ∼10 Hz (for a 10M⊙ BH).
We discussed in detail the OIR QPOs produced only
by the hot accretion flow, however these presumably may
originate from other components, such as reprocessed X-
ray radiation (for low QPO frequencies) and the jet (if it
is entirely driven by the accretion flow). It is likely that
the component giving major contribution to the observed
flux also produces the QPOs, because of their rather large
RMS. Simultaneous data of SWIFT J1753.5–0127 at late
stages of the outburst (Durant et al. 2009, fig. 6, see also
Chiang et al. 2010, fig. 5) suggest that the optical lies
on the continuation of the X-ray power-law, as expected
in the hot flow scenario (Veledina et al. 2013). Some
irradiation may also play a role (as supported by the
cross-correlation studies of Hynes et al. 2009 during the
outburst peak), but the jet is very faint in this object.
Thus the optical QPOs are likely produced by the hot
flow. It is therefore suggestive that the hot flow scenario
also works in other objects displaying QPOs, such as
XTE J1118+480 and GX 339–4.
3.2. Unaccounted effects
Because we aimed to have as few parameters as pos-
sible, the model we consider is rather simplified. In a
more realistic problem, a number of additional effects
could also be accounted for, namely: the wavelength de-
pendence of the optical profiles, occultations of the hot
flow by the cold accretion disk, effects of the hot flow ge-
ometry, e.g. its finite and radius-dependent thickness,
presence of the large-scale magnetic field, presence of
other spectral components in the optical, such as the
reprocessed emission and the jet. Let us now consider
possible consequences of these effects.
1. The optical QPO profiles were calculated assum-
ing these wavelengths belong to the partially self-
absorbed regime. However, if the flow is small (e.g.,
R . 10RS), the optical (and even more certainly
the IR) is likely to be in the self-absorbed part of
the spectrum (τSA ≫ 1). In this case, the inten-
sity of escaping radiation is isotropic and the flux
depends only on the surface area of the flow pro-
jected to the line of sight modified by relativistic
effects. The QPO waveforms in this case are not
much different from the previously considered case
of emission at the self-absorption frequency, but
the RMS of the fundamental is somewhat larger
and the harmonic is weaker.
2. For calculations of the X-ray QPO profiles, we
adopted a simple prescription for the angular de-
pendence of the specific intensity from the hot flow
given by equation (8). Obviously, it is only an ap-
proximation to the real angular dependence that
should be computed using the full Compton scat-
tering kernel (see e.g. Poutanen & Svensson 1996).
The intensity I(ζ′) in reality should depend on the
photon energy as well as on τ and temperature,
with both being functions of the accretion rate and
the distance from the BH. We do not expect that
the general topology of the solution will change,
but the details (e.g. the position of the line sep-
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arating the phase lag ∆φX−opt = 0 and pi in Fig-
ure 5) might differ. The result will also depend on
the X-ray energy band.
3. Hard state BHBs are known to have radio jets
(Fender 2006). Theoretical models for the jet
launching require the presence of the large scale
magnetic field. In that case, the synchrotron emis-
sivity within the hot flow is no longer isotropic, but
depends on the pitch angle α to the magnetic field
as sin2 α. This would lead to a different angular de-
pendence of the escaping intensity. For a poloidal
field, radiation would be more beamed along the
hot flow surface leading to a luminosity angular
dependence similar to that in the X-rays. In this
case, the optical waveforms are expected to have
more harmonic content.
4. Possible occultations of the hot flow by coverage
of the inner parts of the cold accretion disk or by
its flared outer parts may occur. These would lead
to the asymmetry of the optical (and X-ray) QPO
profiles and absence of the secondary peak in the
X-ray profiles. Similarly to the considered occulta-
tions at high inclinations, this would lead to an in-
crease of the fundamental RMS and harmonic con-
tent. Additionally, the optical and X-ray profiles
will not be anymore in phase (or in anti phase).
5. We considered a simple case with a flat precessing
disk, but in reality, the hot flow has finite thickness.
This does not have much effect on the profiles for
low inclinations. Self-eclipses of the hot flow will
appear at somewhat lower inclinations, but, on the
other hand, emission from the outer side of the hot
flow will be visible and the eclipses will not be so
deep. Thus, the increase in RMS will not be so
significant and the harmonic content will be some-
what lower.
6. When estimating the RMS we assumed that the
optical emission is produced entirely by the hot
flow. In reality, additionally there is reprocessed
emission from the outer disk that might be domi-
nant at longer wavelengths as well as possibly op-
tically thin, soft emission from the radio jet that
might contribute to the emission at shorter wave-
lengths. These components not only contribute to
the flux diluting the RMS from the hot flow, but
also in principle can be variable at the QPO fre-
quency. As reprocessing occurs in the outer part
of the accretion disk, it acts as a low-pass fil-
ter (e.g. Veledina et al. 2011), reducing signal at
high frequencies. Thus the reprocessing is not ex-
pected to vary at relatively high QPO frequencies.
Whether the jet can produce QPOs at the same
frequency as the inner hot flow precesses is not
clear. The Lense–Thirring effect generally cannot
cause the jet precession unless the jet is driven en-
tirely by the accretion flow (Nixon & King 2013).
Hence, the presence of several components in the
spectrum typically will reduce the RMS ampli-
tude of the optical QPO by a factor 1 + r, where
r = (FE,jet + FE,repr)/FE,hf is the ratio of the ob-
served fluxes at a given energy produced by the jet
and reprocessing to that of the hot flow.
4. SUMMARY
A number of BH binaries have recently been found to
show QPO features in their optical PSDs. Recently, it
has been shown that similar QPOs in the X-rays are well
explained by Lense-Thirring precession of the hot accre-
tion flow. Here we propose that OIR QPOs originate
from the same process, namely that the outer parts of
the precessing hot flow are radiating in the optical (by
non-thermal synchrotron), producing QPOs at frequen-
cies matching those in the X-rays.
We calculate the possible OIR profiles and make pre-
dictions for the phase difference with the X-rays. The
phase shift can be either 0 (at high inclinations) or pi (at
low inclinations), with the boundary between these case
depending on the azimuthal angle of the observer. We
also investigate the harmonic content and show depen-
dence of the RMS on parameters for two first harmonics.
Here we show that the X-ray QPOs should have smaller
RMS at the fundamental frequency than the OIR QPOs.
On the other hand, the X-ray QPOs should have much
stronger harmonic.
We discuss possible QPO frequencies and their con-
nection to the broadband spectral properties. At the
hard-to-soft state transition we expect the OIR QPO fre-
quency to increase, always being the same as in the X-
rays, up to ∼10 Hz in the hard-intermediate state. The
broadband spectrum is expected to change in such a way
that the emission at longer wavelengths drops before the
subsequent drop at shorter wavelengths (infrared, op-
tical). After that the X-ray transition occurs. In the
hard state, the QPO feature is sometimes absent (not
significant) in the X-ray PSD, but detected in the opti-
cal. Their common origin can be established through the
cross-correlation analysis, where the oscillations at cor-
responding frequency can be present. Using future X-
ray missions with high time-resolution capability, such
as LOFT, together with the corresponding high time-
resolution instruments in the optical, we will be able to
confirm or discard this.
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